The carotid body (CB) is a small neural crest-derived organ that registers oxygen and glucose levels in blood and regulates ventilation. The most abundant cell type in the CB glomeruli is glomus or type I cells, which is enveloped by processes of sustentacular or type II cells. Growth and neurotrophic factors have been established as signaling molecules played an important role in the development of the CB. To gain insight whether these signaling molecules are present in the adult rat CB, we examined the expression and cellular localization of some neurotrophic factors and their corresponding receptors in this organ by immunohistochemistry. The results showed the presence of nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor (GDNF) as well as p75 NTR , tyrosine kinase A receptor (TrkA), tyrosine kinase B receptor (TrkB) and GDNF family receptor alpha1 (GFRα1) in the adult CB. At the light-microscopical level, the immunoreactivity for NGF and both its low-affinity (p75) and high-affinity (TrkA) receptors was detected in the majority of glomus cells and also in a subset of sustentacular cells. BDNF and its receptors, p75 and TrkB, were observed in the glomus cells, too. Remarkably, the immunohistochemical analysis revealed that the neuron-like glomus cells, but not the glial-like sustentacular cells, expressed GDNF and GFRα1. Taken together with prior results, it can be inferred that neurotrophins may be involved in the CB cell differentiation and survival in adulthood, and may exert a potent glomic protective action as well. It is also presumable that GDNF production by glomus cells plays a pivotal role in permitting long-term viability of CB grafts, which permits their potential applicability in cell therapy as a promising tool in neurodegenerative disorders.
Introduction
The carotid body (CB) is the main peripheral arterial chemoreceptor that detects blood levels of O 2 , CO 2 /H + and glucose, and responds to their changes by regulating breathing [1, 2] . It is a small ovoid mass of tissue bilaterally located at the bifurcation of the common carotid artery, just before blood chemicals reach the brain, an organ that is excessively sensitive to oxygen and glucose deprivation. The CB is composed of two juxtaposed cell types, neuron-like type I or glomus cells and glial-like type II, also known as sustentacular cells, which are aggregated in richly vascularized cell clusters, called glomeruli [3] . Chemical and electrical synapses between these cells allow for complex sensory processing in the organ [2] . Furthermore, the principal type cells, i.e., the glomus cell, contain secretory granules packed with putative transmitters and are thus considered the chemosensory cells of the organ [1, 4] , while the type II cells, in addition to their supporting role, have recently been assumed to be the CB stem cells [5] . The neural crest origin of the CB suggests that it may require a trophic support for a continued survival and cell differentiation.
It has been demonstrated that CB chemosensitivity to hypoxia develops during the early postnatal period. This functional maturation partially depends on structural and neurochemical changes, which are promoted by some neurotransmitters, trophic factors and their receptors, acting on the CB cell population in autocrine or paracrine ways [6] [7] [8] . Besides, there is a convincing evidence that neurotrophic factors from CB cells and nerve fibers also play an important role in maintaining the structural and functional specialization of both CB components in adulthood [9] . Indeed, recent studies have revealed that glomus cells in the adult rat, of a neural crest origin, express a number of growth factors, implying their paracrine-autocrine role in the CB [10, 11] . In order to determine the survival requirements of the parenchymal cells in this organ in adult life, we examined the immunohistochemical distribution and cellular localization of some neurotrophic factors and their corresponding receptors in the CB of normal adult rats.
Materials and Methods

Animals and Tissue Preparation
The experiments were carried out on male Wistar rats (300 g body weight). The experiments were conducted in accordance with the ethical guidelines of the EU Directive 2010/63/EU for the protection of animals used for scientific purposes following a standard protocol established by the Bioethical Commission of the Biomedical Research at the Institute of Neurobiology of the Bulgarian Academy of Sciences. All efforts were made to minimize the number of animals used and their suffering.
The rats were deeply anesthetized with Nembutal (50 mg/kg, i.p., Abbott) and transcardially perfused first with 0.05 M phosphate buffered saline (PBS), followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.3. After perfusion, the carotid bifurcations were quickly removed, both CBs were immediately dissected out and the specimens were postfixed in the same fixative overnight at 4˚C. Thereafter, the tissue blocks were embedded in paraffin and cut into 7 µm thick sections.
Immunohistochemical Procedure
The sections of CBs were deparaffinized with xylene and ethanol, and processed for ABC (avidin-biotin-horseradish peroxidase complex) immunohistochemistry to determine the neurotrophin profile of their chemoreceptor elements. Briefly, the endogenous peroxidase was blocked with 1.2% hydrogen peroxide in absolute methanol, followed by antigen retrieval in 10 mM citrate buffer (pH 6.0) for up to 30 min in a microwave oven. After washing in PBS, the sections were preincubated for 60 min at room temperature in 5% normal goat serum to avoid unspecific staining. Between the separate steps, the sections were rinsed with cold PBS/Triton X-100. Subsequently, they were incubated in a humid chamber overnight at 4˚C with the respective primary antibodies (see Table 1 for suppliers and working dilutions). After rinsing in PBS, the sections were incubated for 2 h at room temperature with the appropriate secondary antibody, biotinylated goat anti-rabbit IgG (Dianova, Hamburg, Germany), goat anti-mouse IgG or rabbit anti-goat IgG (both from Vector Laboratories, Burlingame, CA, USA), at a dilution of 1:500, 1:250 or 1:200, respectively. Following rinsing, the ABC complex (Vectastain Elite Kit; Vector) was applied. After a color development with diaminobenzidine as a chromogen for 3 to 5 min, the sections were dehydrated in graded alcohols, cleared in xylene, coverslipped with Entellan and air-dried.
Antisera Specificity Tests
We applied positive and negative controls to test the specificity of the antibodies used in this study. For immunoreaction specificity testing, omission of the specific primary antibodies by their replacement with PBS or non-immune serum, at the same dilution as the primary antiserum, was performed and no specific immunostaining was found under these conditions. The specificities of the antibodies used in this study have been described in detail previously [12] . In particular, the primary antisera were preabsorbed for 2 h at room temperature or for 24 h at 4˚C with the respective synthetic antigen at a concentration of 20 or 200 µg/ml antiserum at its working dilution and the preabsorbed antisera were substituted for non-absorbed antisera in the immunohistochemical procedure. Preabsorbed antibodies failed to stain any tissues of the CB. The antibodies were further characterized with tissue from regions known to contain the studied antigens.
Immunolabeled sections of various brain regions at the level of the trigeminal sensory nuclear complex and the trigeminal ganglion were used as positive controls for each of the tested neurotrophic factors.
Image Processing and Analysis
After immunostaining, the specimens were examined and photographed with a Nikon research microscope equipped with a DXM1200c digital camera. The digital images were saved in a TIF format, and matched for brightness, contrast and removal of artifacts using Adobe Photoshop CS3 software (Adobe Systems, Inc., San Jose, CA). The number of immunopositive cells was determined in a semiquantitative way for the two given cell populations.
The resultant values provide a relative quantity of the immunostained glomus and sustentacular cells.
Results
Nerve Growth Factor Family
This small family of neurotrophic factors consists of a group of neurotrophins, including the nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4, also known as NT-5). They promote neuronal differentiation, survival and plasticity by signaling via both a common low-affinity (pan)neurotrophin receptor p75 NTR and highaffinity transmembrane receptors belonging to the tyrosine receptor kinase (Trk) proto-oncogene family. The latter include TrkA, TrkB and TrkC, and exhibit binding specificity. TrkA is a specific receptor for the NGF, TrkB is a receptor for the BDNF and NT-4, while TrkC is a receptor for NT-3. The number of immunopositive cells and relative expression levels of the examined neurotrophins and their receptors are summarized in Table 2 .
Our experiments showed that the majority of the adult glomus cells and a subset of the sustentacular cells in the rat CB were NGF immunopositive (Figure 1(A) ). The immunoreactive cells were spread throughout the CB. The immunostaining in the glomus cells was strong while that in the sustentacular cells was moderate and primarily localized in their cytoplasmic processes surrounding the glomus cells. None of the immunopositive cells showed staining in their nuclei. Further, immunoreactivity for p75 (Figure 1(B) ) and TrkA (Figure 1(C) ) 
1(D)).
In addition, almost all glomus cells were richly endowed with TrkB (Figure 1(E) ) and TrkC ( Figure  1(F) ) receptors.
Glial Cell Line-Derived Neurotrophic Factor Family
Using antibodies directed against the glial cell line-derived neurotrophic factor (GDNF) and its receptors, we identified a large number of immunoreactive cells in the CB, typically aggregated in evenly distributed cell clusters. In particular, virtually all glomus (type I) cells in the CB were immunopositive for GDNF (Figure 2(A) ), with no notable labeling of the elongated sustentacular (type II) cells, which surrounded the glomeruli. Accordingly, all groups of BDNF-immunoreactive cells were also immunostained for the GDNF family receptor alpha-1 (GFRα1), which specifically binds the GDNF (Figure  2(B) ). Our attempts to detect RET protein expression by immunohistochemistry have failed so far, probably because its localization is mostly restricted to nerve endings which are very few in the CB. Control sections treated with the primary antisera preabsorbed with the respective synthetic antigens did not display any staining (Figure 2(C) ).
Discussion
The CB is the major arterial oxygen sensor providing essential afferent input required for the maintenance of breathing. There is compelling evidence that neurotrophic factors such as BDNF and GDNF, working in tandem, are important regulators for the development of peripheral chemoafferent neurons; the latter provide hypoxic drive to the brainstem respiratory network [13, 14] . Previous studies have shown that many growth and trophic factors are present in the glomus type I cells of the mammalian CB (for a recent review, see [9] ). Our results provide immunohistochemical evidence that the parenchymal cells in the adult rat CB express certain neurotrophins belonging to the NGF and GDNF families as well as their corresponding receptors. In particular, here we demonstrate the occurrence of NGF, BDNF, NT-3 and GDNF proteins in the vast majority of glomus cells and a subset of sustentacular cells which are also endowed with their cognate receptors p75, TrkA, TrkB and GFRα1. Such expressional patterns are consistent with the conclusion that the glomus cells may exert trophic and/or regulatory impact on the adjacent CB cells in adult life through neurotrophins, which play autocrine and/or paracrine roles in promoting the survival, growth and maturation of these cells [11, 15] .
In addition to their established role in maintaining the structural and functional specialization of the CB in adulthood, available evidence strongly suggests that neurotrophins also promote neuronal precursor cell proliferation and differentiation of distinct neural crest-derived cells (see [16] and references therein). Indeed, glomus and sustentacular cells, like sympathetic neurons and chromaffin cells of the adrenal medulla, originate from the neural crest and phenotypically resemble sympathoadrenal chromaffin cells [17, 18] . Our data confirm prior findings demonstrating that NGF and its high-affinity receptor TrkA are preferentially expressed by the CB glomus cells [10] . However, there is evidence that the glomus cells do not depend on NGF (as do sympathetic neurons) for survival in vitro and, thus, their growth requirements are different from other cells of neural crest origin [19] . In this respect, it has been proposed that NGF interacts cooperatively with the basic fibroblast growth factor to promote proliferation and survival of the CB cell population [20] . We have further shown that NGF and TrkA immunoreactivity also occurs in the sustentacular cells of the rat CB. It is well known that NGF is an essential growth factor supporting stem cell self-renewal outside the nervous system and, thus, serves as a potential marker for progenitor cells. This could explain the occurrence of immunoreactivity for this neurotrophin and its receptors also in the sustentacular cells which have lately been proposed to be the CB stem cells giving rise to new glomus cells upon hypoxia [5, 21] . Several recent reports suggest that the expression of BDNF, GDNF and their receptors in virtually all glomus cells, which are known to be highly dopaminergic [22] , might account for their potential applicability in neurological cell therapy [23] [24] [25] [26] . Moreover, it has been shown that nerve fibers innervating the CB and dopaminergic neurons in the rat petrosal ganglion (PG) also exhibit BDNF immunoreactivity [27] . Hence, it is plausible to assume that BDNF and GDNF potently promote the survival of dopaminergic neurons like CB glomus cells, and also exert a trophic effect on chemoafferent neurons of the PG, acting as a target-derived survival factor in adult life [27, 28] . It has also been proposed that BDNF selectively produced by glomus cells may support local vascular morphogenesis in the CB [27] whereas GDNF may act as a protector of catecholaminergic neurons against toxic damage and oxidative stress [29] . In line with this, we were able to demonstrate the presence of GFRα1 in glomus cells of the adult rat CB whose presence in them was also confirmed by RT-PCR [23] . It is likely that BDNF acts mainly via its specific receptor in the adult rat CB.
Unlike the other neurotrophic factors of the NGF family, NT-3 and NT-4 have been examined in less detail in the adult rat CB. In the present study, we demonstrated the presence of NT-3 and its specific receptor TrkC, but not of NT-4, in the CB glomeruli. Nonetheless, we were able to show that TrkB, which is a common receptor for the BDNF and NT-4, is expressed in almost all glomus cells. Besides, it is well known that NT-3 binds, though with less affinity, to other related Trk receptors, TrkA and TrkB, as well [16, 30] . Accordingly, it seems that the survival of glomus cells also depends on TrkB signaling. The source of this signaling is, however, still remains unidentified.
Conclusion
In conclusion, it can be inferred that the majority of the glomus cells and a subset of the sustentacular cells in the adult rat CB contain high levels of NGF, BDNF and GDNF and their corresponding receptors. Taken together, our results suggest that the principal CB cells depend on certain locally produced trophic factors for their survival in adult life. It is possible, however, that other neurotrophic factors previously reported to be present in the rat CB [9, 11] also play a role as survival factors for the natural CB cell populations in adulthood. Given that survival depends on cell-cell interactions, glomus cells may exert via the entire cocktail of neurotrophins present in the trophic and/or regulatory control on the adjacent neuron-like and glial-like cells in the CB, thus implying their autocrine and paracrine action. Last but not least, neurotrophins and in particular GDNF might prove to be good candidates for the maintenance of the long-term viability of CB grafts, thus permitting the successful development of neurological cell replacement therapy. However, additional experimental and clinical studies are needed to determine whether this animal model is applicable in humans.
